AD 72 634

USAETL ARGAVES COPY

PRELIMINARY DESIGN REPORT

Prepared for:

U. S, ARMY ENGINEER RESEARCH AND
DEVELOPMENT LABORATORIES
GIMRADA
Fort Relvoir, Virginia

Contract No. DA-44-009 -AMC -1246(X)

26 October 1966

feproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

Springheld, Va 22131

ITT FEDERAL LABORATORIES
;llll lllliﬂ; .l'l.‘l.ll'“ .'l-A;";“lﬂt’ﬂ’.’;‘.’;llv:;o'l:I:

§ MAR 1970




PRELIMINARY DESIGN REPORT

Prepared for:

U. S. ARMY ENGINEER RESEARCH AND
DEVELOPMENT LABORATORIES
GIMRADA
Fort Belvoir, Virginia

Contract No. DA-44-009-AMC-1246(X)

26 October 1966




’
'
C s
Prepared by: “L o .Lf;u =

M. Gnmuwuu‘ -c;
Reviewed by: I.‘)/é¢ '£ 2/4 /4/‘ ‘oo

G. W. Olson
Project Manager

Approved by:

Associate Lab Director




i
m
IVA
s

Vv
Vi

TABLE OF CONTENTS

ABSTRACT

FUNCTIONAL DESCRIPTION

DESIGN CONSIDERATIONS

IRANSPONDER PERFORMANCE

TRANSPONDER PERFORMANCE. THE MATS AND THE SECOR
DME SYSTEM

CONCLUSION - MODIFIED SPECIFICATION

ADDITIONAL INFORMATION

1. The MATS Transponder in the Present SECOR Sysem

2. The MATS [ransponder with a Modified SECOR Ground Station
3. MATS I'ransponder and the Phase Station

1. Improvement ol Transponder Phase Shift

APPENDIX A - THE POST FILTER PROBLEM
APPENDIX B - SYSTEM BANDWIDTH REQUIREMEN I'S
APPENDIX C - NOISE BANDWIDTH CORRECTION FACTOR




SECTION |

ABSTRACT




I. ABSTRACT

This report is submitted to the U. S. Army Engincer's Research and
Development Laboratories, Fort Belvoir, Virginia, in response to Contract
No. DA 44-009-AMC-124G(X), dated 25 June 1965. The report is divided into
five (5) discrete sections, (1) a functional description of the transponder,

(2) design considerations, (3) transponder performance, (4) conclusions,
and (5 additional informa'ion.

The transponder is discussed on a functional basis with reference to its
block diagram. The functional blocks are broken down on a module basis for
convenience.

The design considerations are discussed with reference to each paragraph
in the purchase specification. Where necessary, analytical support has been
included.

Actual performance test data obtained from the breadboard transponder
is discussed and compared to theoretical performance. The actual MATS per-
formance is related to the Secor DME system and its range capabilities com-
pared to that obtained using the purchase description performance specification.

In conclusion, a complete specification has been included which reflects
the anticipated performance of the prototype units. This specification is supported
by the design considerations discussed in this report and by the performance of
the breadboard system.

As additional important information, the MATS transponder is discussed
in relation to the present Secor system and a ''modified" Secor system. The
transponder and phase station compatibility requirements are noted. Areas of

improvement are noted and related to the MATS future.
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II. FUNCTIONAL DESCRIPTION OF TRANSPONDER

The MATS transponder utilizes a crystal-controlled double -conversion
phase locked (correlation) receiver with a subcarrier phase-following loop around
the complete transponder, for the purpose of phase stability and the realization
of the required transponder sensitivity. Thus high sensitivity is realized in the
presence of high modulation index subcarriers. Coherent AGC is employed in
the receiver. The transmitter is crystal-controlled and phase-modulated, and
employs transistors as active stages throughout, as does the transponder
receiver. The data amplifier, which improves the transponder signal-to-noise
performance by crystal filters, is a fully micro-electronic design, as is much
of the transponder receiver circuitry. Cavity filters are employed to realize a
high-quality, low-lcakage diplexer. The power supply includes integral voltage

regulators and dc-to-dc converters of the pulse width modulation type.

The transponder consists of six basic subchassis:
Diplexer/RF

IF Amplifier

Demodulator/Data Amplifier

Phase Modulator/Oscillator

Transmitter

N W W WD =

Power Supply

A brief description of the circuit complement of each of these subchassis
is given below, along with the functional description of each. Refer to Figure 1

for functional block diagram.

The Diplexer/RF chassis contains the Diplexing T, thz preselector portion
of the diplexer, a two-stage RF amplifier, another 2-pole preselector, a

halanced mixer and a 2-pole L.O. filter.
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A low level 20,9375 MHz signal (-45 to =115 dbm) is received by the
transponder and fed into the Diplexing T and through an 8-pole 20 MH2 band-
width preselector to the RF amplifier. Simultaneously, a 449 MHz high level
signal (+35 dbm) is being transmitted through the T to the receiver shared
antenna. The 8-pole preselector guarantees that the level of the 449 MHz
signal to the RF amplifier is less than -30 dbm, thereby negating problems
which otherwise would have been encountered if the area of operation for the
RF amplifier was nonlinear. The RF amplifier is a low noise wideband circuit
which provides +17 db of gain to the 421 MHz signal and only +2 db to the unde-
sirable 449 MHz signal. To further reduce undersirable effects from the
449 MHz signal, an additional 2-pole bandpass filter (30 MHz bandwidth) is
used to pass 421 MHz and reject 449 MHz by 27 db. The output of this 2-pole
filter is fed to the RF input side of a balanced hot-carrier diode mixer. The
L.O. input to the mixer is obtained from the transmitter module. Since this
mixer is used as the phase following subtractor to close the transponder phase
following loop, the L.O. input is wideband and contains the spread spectrum
signal. A 2-pole bandpass filter (30 MHz BW) is used to pass the wideband
signal about 499 MHz while rejecting out-of-band frequency components suf-
ficiently to provide a clean L.O. injection to the mixer. The mixer output is
the product of the 449 MHz signal and the 421 MHz signal giving the sum and
difference frequencies along with higher order products, each with their own
modulation spectrums. The desired signal is the difference frequency
(28.06 MHz) and the associated modulation spectrum. Note that the output
modulation spectrum about 28.06 MHz is smaller than those at 421 MHz or

449 MHz due to phase subtraction of the spectral components by the mixer.

The IF amplifier module consists of four synchronously tuned 28.06 MHz
IF amplifier stages, a second mixer, an amplitude limiter stage at 11,225 MHz,
a single stage coherent AGC'd IF amplifier at 11.225 MHz, a noncoherent AGC

loop, an AGC telemetry amplifier, and a voltage controlled oscillator (VCO).
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The minimum 25,06 MHz IF input signal level is -110 dbm while the input
noise level Is -95 dbm. The quiescent gain of the IF is 69 db providing an
input signal level to the second mixer of -42 dbm plus noise at -28 dbm in a
o MHz bandwidth. Each stage of the IF amplifier has a nominal gain of approx-
imately 16 db and a bandwidth of 14 MHz. It is reverse AGC'd by the noncoherent
AGC loop to provide 20 to -50 db of automatic gain control in the "receive' and
“transmit" mode, ! Standby mode operation provides a fixed level gain with

symmetric limiting in each amplifier stage.

The second mixer is an active double-balanced type which provides a
+5H db power gain at 11,225 MHz and -20 db attenuation of the 39 MHz L.O.
(-5 dbm input level), and 28.06 MHz IF. The 39.28 MHz VCO feeds this mixer.
Its frequency control is derived from the carrier phase lock loop in the demodu-

lator module.

The output of the second mixer is fed to the 11.225 MHz limiter stage and
the noncoherent AGC input amplifier. The symmetric limiter prevents the
stage output from providing greater than -3 dbm output independent of the stage

signal or normal noise¢ input level.

The limiter output is fed to a linear 11.225 MHz amplifier which provides
15 db of coherent AGC control. The AGC is of the forward type to ensure
linear operation over the entire dynamic range of operation. The 11.225 MHz
coherent signal output is a constant -6 dbm, independent of normal signal or

noise input levels.

1 . .
"Standby" Mode — Ready to receive a coherent carrier
"Receive' Mode — Coherent carrier received and ready for commands

"Transmit" Mode — All circuitry operating




The noncoherent AGC circuitry consists of 2 stages of 11,225 Ml 1F,
providing 32 db of power gain and 1 bandwidth of 2,0 MHz. Its output Is fed to
a detector amplifier which provides a DC output voltage proportional to the
input signal level into the receiver. The output voltage is used to control a
current amplifier which provides reverse AGC control for the 258,06 MH» IF

stages.

The Demodulator/Data Amplifier module contains (1) part of the phase
lock loop consisting of a phase detector, reference oscillator, phase lock, a
video amplifier, and associated buffer stages, (2) part of a correlation detector
loop consisting of a phase detector, a 90° phase shifter, lowpass filter, coher-
ent AGC amplifier, acquisition amplifier, and associated buffer stages, (3) the
data an:plifiers consisting of ranging and timing crystal filter networks, sum-
mation amplifiers, command and select call filters and amplifiers, a select

call AM detector, and (4) a temperature sensor and telemetry amplifiers.

The 11.225 MHz signal from the IF module is power split between the
correlation and phase lock loops. The phase and correlation detector reference
signals are obtained from the 11.225 MHz reference oscillator with the latter a
phase quadrature resultant from the 90° phase shifter. Under locked conditions,
the output of the phase detector contains the demodulated subcarriers and a DC
voltage corresponding to the frequency difference between the 11,225 MHz ref-
erence and the 11.225 MHz signal before lockup. The DC voltage is fed to the
phase lock filter, which determines primarily the PL12 acquisition and signal
to noise ratio performance, and a video amplifier which determines primarily
the steady state phase error. The video amplifier output feeds the VCO located
in the IF chassis, completing the PLL. The demodulated ranging subcarriers
are fed to filter networks (3 db BW - 100 cps) for S/N ratio improvement. The

output of each network is summed together, amplified and fed to the Phase

2PLL: Phase Lock Loop
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Modulator /oscillator module. The command and select call subcarriers are

fed to their respective crystal filters, again for the purpose of S/N improvement.
The command outputs are amplified and fed to the transponder telemetry output
connector. The select call output is amplified and detected by an AM diode

detector and fed to the power supply module.

The correlation detector output is a DC voltage proportional to the received
input signal. Its output is filtered, amplified and fed to the IF module for coher-
ent AGC and to the power supply module to command the transponder from the

"standby' to the '"receive' mode.

The phase modulator/oscillator module provides a phase modulated trans-
mitter driving signal and the receiver standby first local oscillator signal. The
modulation is the series of ranging tones from the data amplifier. The RF signal

is developed from a temperature compensated crystal oscillator.

The temperature compensated crystal oscillator supplies a one milliwatt
signal at 18.7 MHz for both the transmitter multiplier chain and the receiver
first local oscillator multiplier chain. The power split oit to the transmit leg
is phase modulated by the data summation amplifier output. This modulation
signal is composed of up to six tones in the frequency range 400 to 600 KHz at
levels of about 0.3 volts rms each. Peak modulation levels will deviate the
carrier approximately 0.625 radians. The phase modulator output is amplitude
limited in the following integrated circuit stage by cutoff and saturation limiting.
Limiting is used to remove incidental AM from the phase modulatcd signal.

The spectrum is frequency multiplied by four to approximately 75 MHz and is
then amplified to 50 milliwatis. A 4-pole filter follows the amplifier to suppress
unwanted harmonics of the 18.7 MHz oscillator frequency by at least 60 db.

The filter has a 3 db bandwidth of 3 MHz. A frequency tripler follows the filter
to raise the spectrum to 224.5 MHz. The following amplifier provides suffic-
ient power gain to supply 20 milliwatts of drive to the transmitter module.



The other oscillator output at 18.7 MHz is multiplied by four to 75 MHz.
It is then filtered in a 2-pole, 6 MHz wide filter to suppress unwanted oscillator
frequency harmonics. The following amplifier raises the level of the 75 MHz to
about 15 milliwatts to drive the step recovery diode multiplier to supply a 1 milli-
watt output at 449 MHz. The diode output isfiltered by a 2-pole 8 MHz wide
filter to suppress unwanted 75 MHz harmonics. The filtered 1 milliwatt output
at 449 MHz is used as the receiver standby first local oscillator.

The transmitter module contains a 224 MHz medium power amplifier,
X2 multiplier, 224 MHz high power amplifier, 449 MHz high power amplifier,
power monitor, hybrid isolator, a 449 MH=z post filter, and a 224.5 MHz post
filter.

The transmitter module receives an input signal at 224.5 MHz at a power
level of 20 milliwatts. This signal is amplified to 1 watt, fed to the 224.5 MHz
final amplifier, whose output of 5 watts is fed to a 2-pole bandpass post filter
providing approximately 4 watts output into a 50 ohm load. The 3 db bandwidth
of the 224.5 MHz output is 12 MHz. The 224.5 MHz 1 watt signal is also fed to
a frequency doubler whose 449 MHz output is 1.5 watts. This output feeds the
449 MHz final stage which provides 6.5 watts to the 8-pole post filter. The post
filter 2.5 db insertion loss reduces the transponder output power to 3.5 watts
into a 50 ohm 1'{ad. “he power monitor is an AM detector using an RF diode
into a buffer amplifier whose output is fed to the telemetry connector. The
hybrid is used to isolate the standby L.O. circuitry from the operate L.O.

circuitry.

The Power Supply module provides transponder power for 'standby',
"receive' and "transmit'' modes. Incorporated in the module are time delay
and logic circuits which control standby and transmit power. The outputs are
regulated against input and load changes. They are isolated from input power
leads and the module chassis. Momen tary short circuit and reverse polarity

input protection is provided.



One of the prime considerations for the technical approach to the MATS
Power Supply was the conservation of battery power. In order to achieve this,
the unit was designed with high efficiency as one of the important aspects. For
this reason, pulse width modulators are used to convert the available fluctuating
input voltage into a highly regulated DC voltage which powers a DC to DC con-
verter, The PWM utilizes the transistor in the switching mode only. During
the on-cycle of the switeh, energy flows through an inductor into the output
capircitor. Simultancously, energy is stored in the inductor. During the off -
cycle, the inductor discharges its stored energy into the output capacitor. By
varying the duty cycle, regulation is achieved at a high efficiency level. The
DC to DC converter (often called a square-wave inverter) provides three distinct
advantages:

o The converter allows step-up or step-down to any desired output

voltage,

e The output wave shape is a square-wave which after rectification

requires very little filtering,

e The transistors operate in a switching mode only and therefore

cause the lowest losses, resulting in a high efficient conversion.

Sensing of the output voltage and error signal amplification is accomplished
by transistor differential amplifiers which are known for their good temperature
stability. The differential amplifier controls a magnetic amplifier which is
powered from the converter transformer. The output of the magnetic amplifier
controls the duty cycle of the pulse width modulator. Sensing could have been
accomplished by the magnetic amplifier only; however, then, the problem of

temperature stability would have become critical.

Only those outputs that are the most critical as far as regulation are con-
cerned are being sensed. The other outputs are taken, after rectification,
directly from the converter transformer. As the input to the DC to DC converter
is regulated, the output of the DC to DC converter is also regulated and is subject

to transformer regulation and coupling only.
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1. DESIGN CONSIDERATIONS

Description
The MATS transponder was designed to be a umpact, lightweight,

efficient transponder for use in Satellite configurations. The transponder con-
sists of a receiver and transmitter for accepting ranging, timing and command
information from a station located on a ground complex and retransmitting the
ranging and timing information on two offset carriers back to the ground com-
plex. In addition, certain telemetry circuits are provided within the trans-
ponder in order that conditions concerning the transponder may be telemetered

hack to the ground station by telemetry systems external to the transponder.

The transponder's overall dimensions are © 1/2" x 41/4" x 6 1/2" or
2315 cubic inches (Refer to Figure 2) and its totar weight is less than 12 lbs.

In standby it requires 1.3 watts, In the transmit mode it delivers a nominal
3.5 watts at 22.1.5 MHz and a nominal 3.5 watts at 449 MHz, the latter under
a diplexed conditions with its receiver, while using 44 watts of primary power
for an overall efficiency of 16 percent.

Modular construction has been employed for ease of fabrication and main-
tenance. Figure 2A shows the Phase Modulator/Oscillator Subchassis. One view
shows the cover of the 74.8 MHz filter removed. Figure 2B is the I-F amplifier
subchassis shown betore and after the printed circuit board is installed in the
subchassis housing.

The following discussion of design considerations is referenced directly to
the contract purchase description by paragraph number.

3.1.1  Composite Signal

The composite signal from the ground coniplex consists of a carrier whose
nominal frequency is 420,9375 MHz phase modulated by any combination of fixed

frequency subcarriers as follows:

Subcarrier Frequency Description
a. 585,533 KHz Subcarrier referenced to ground station

complex and used to measure range.

b. 583.246 KHz Same as a.

3-1
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Figure 2A. Phase Modulator/Oscillator Subchassis




Figure 2B. I-F Amplifier Subchassis
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Subcareicr Fregquency Description

oo, 228 KU, Same as a.

(R LIS TRl N1 P2 Same as a.

¢ a6, 000 Kilz Subcarrier used to establish system

timing.

(. Subcarrier in the Subcarrier used as a Satellite ranging
range of 500-600 KHz function

k. Subcarrier in the Subcarrier used as a Satellite Command
range of 500-600 Khy function

h. Subcarrier in the Same as g.

range of H00-600 KHz

I.  Subcarrier in the Subcarrier known as '"Select-call" and
range of 100,00 KHz used to command the transponder from
to 600,00 Kli/ receive to a transmit condition.

The modulation index of cach individual ranging or timing subcarrier can
e as high as 2.5 radian and will normally exist within the range of 0.5 to 2.5
radians. The modulation index of the select call and command subcarriers
should be in the range of 0,25 to 0,5 radians. The composite index can be any
index that might result from any combination of subcarriers modulated within

this range.

Of the above received subcearriers, only those shown in a. through f. are

madulated on the transmitter carrier for retransmission to the ground complex.

Of particular interest is the different modulation index requirement for
the select call and command subcarriers. The 0.25 to .5 index is necessary

sinee these particular subcearriers are not retransmitted by the transponder,




thereby requiring their composite indexes not to exceed 1 radian. Linearity

is thus preserved through the receiver phase detector,

A note on the retransmission of the command and select call subcarriers,

M ]

Since L=l 30 for a phase following feedback ratio = 30
I

where MI' = Maximum modulation index of select call or command subcarriers

Mi - 0.5 radians

MI - Minimum modulation index of a range or timing subcal “ier

within the transponder phase following feedback loop

MI = 0.5/30 ,0166 radians

then the baseband crystal filters used for ranging and timing subcarriers are
required to reject the command and select call frequencies by 300:1 to ensure
that a maximum index of say .05 radians is modulated on the transmitter
carrier. Since, for stability reasons, a single-pole crystal filter is required
for each fedback subcarrier, and a 3 db bandwidth of 100 cps is reasonably
specified, then, due to a PFFB® ratio of 30:1, a resultant closed loop bandwidth
of 3 KHz and 6 db/octave filter rejection rate, one would expect no greater

than a 23 db or 14:1 rejection of a subcarrier frequency 30 KHz distant.

Thus, in order to ensure that the command and select call subcarriers
are minimally modulated on the transmitter carrier: (1) their subcarrier fre-
quencies should be chosen as far from the fedback subcarriers (a-f) as pos-
sible, (2) the modulation index used for their transmission should be kept as
small as possible and (3) the modulaton index of subcarriers a-f should be

maximized. Thus

3PFFB: Phase Following FeedBack
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Filter rejection ratio - 14:1

then the ratio of modulation index of each desired subcarrier to that of the

select call or command subcarrier is 14/3 or 4.7:1.

3.1.2 Transmitter

The nominal frequency of the two (2) offset transmitter frequencies is
449.000 MHz and 224.500 MHz, The transmitter section of the transponder is
designed to provide cither 1.5, 3.5 or 4, 5%(selectable) watts of output power at
the transmitter antenna terminal for the two (2) transmission frequencies of the

transmitter.

The 449 MHz and 224.5 MHz frequencies are easily derived from a
common TCXO at 18.7083 MHz. A not so easy task is providing the 4.5 watts
output power at the 449 MHz transmitter antenna terminal. This problem area
exists because of the high insertion loss exhibited by the post filter and associ-
ated diplexer loss. The high insertion loss is due to (1) the large number of
poles required by the filter plus (2) the wide bandwidth required to pass the
information in association with the small frequency separation between the
transmitter and receiver frequencies. The choice of 8 poles as the number
required by the post filter is derived in Appendix A. The primary design cri-
teria being based upon the amount of noise generated by the transmitter in the
receiver acceptance frequency band. Appendix B verifies the wide bandwidths
required by the post and preselector filter to pass the modulation. Using a

cavity type filter, constructed within the size limitation of the package, the

*Refer to text for spec modification.




calculated theoretical insertion loss for an 8 pole bandpass filter with the

desired Chebychef response is

Q. +Q
(’ =n (20 log -2——-'14) 1
Qu
where
€ = filter insertion loss (db)
Qu = Unloaded cavity Q
QL = Loaded cavity Q
n = number of filter poles
now '
QL Qu
Q = (2)
u Q. +Q
H L u
where
QL = tuning capacitor Q
Qq, = 1,000 (Refer to Fig. _3 )
S
and Q=60 xsx /f ®)
where

S = cavity diameter (inches)

fo = center frequency of resonance (MH)
Q{l=60x1x\/449

Q' = 1270
u
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e

then
1270 (1000) .
Q  Jooo . rzr0 W
'()
Q  wTw (4)
L D\\:‘ db
whero
B\\',‘ db J3db bandwidth of cach cavity section under loaded conditions.
~ 449
Q. s 8
thus 1
ot 1, 60+ 16
@ 801 =)
€ 8249
C 1.954db

Measured values of the post filter insertion loss are 2.0 db £0.1 db. An
additional 0.5 db loss occurs when this filter is diplexed with the receiver pre-
selector. Figure 4 is a plot of the dissipation in a transmission cavity (db)
ve. the ratio of QL/Qu’ For the case above, QL/Qu equals .0285. The Q\'x
obtained for our cavity is proportional to S, that is, the size of each cavity.

Thus practical limitations necessitate a cavity dimension limit. As is, the !
post filter used requires a 90° bend to restrict its volume to the confines of the i
chassis structure. But the limiting factor on Qu is not the cavity Q, since a !
variable tuning element within each cavity structure is required to properly

retune the filter when diplexed with the preselector. The Q of this element is

also important. Refer to Figure 3. The post filter used in the MATS trans-
ponder thus represents the best possible effort consistent with the state-of-the- 1

art and the restrictions of the spec, in the development of a low luss element.
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One might speculate that a lower post filter/diplexer loss could be

obtained by reducing the bandwidth requirement of the post filter to say 1/2.

From Appendix A we have the required post filter rejection of 421 mc -
66 db; therefore, minimum number of roles required at 1/2 the present

bandwidth - 5.

Qu - 560 :
449
Q, + —2— - - 32
BW3dl) =
32
QL/Qu 560 glati

Dissipation loss/pole - 0.5 db

p, = 5(0.5 = 2.5db

Thus py>P by approximately 0.5 db. The diplexing loss would be the

same 0.5 db in both cases.

It becomes obvious that one method which could be used to reduce the
post filter/diplexer loss is to further separate the transmitter and receiver

carrier frequencies. If the separation were doubled with all other parameters

held constant, we have |

Qu = 560,

n = 4 for the same rejection at 421 MHz as previously noted.
Dissipation loss/pole = 0,244 db

p. = 4 (.244) = 1db

2
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thus, instead of the present 3.5 watts, one could expect 4.5 watts at the antenna

terminals with no increase in primary power to the transponder,

The transmitter output power selection is accomplished by two simple
steps, (D) a resistor value change (located external to the power supply module)
to adjust the 28 volt power supply voltage, (2) slight retuning of the transmitter
module.  Since the power supply efficiency was designed to be fairly independent
of the load, the transponder primary input power reduces in almost direct pro-

portion to a corresponding reduction in output power.

3.1.38 Phase Shift

The SECOR System is a phase measuring system and as such, the trans-
ponder must impart the smallest possible phase shift to the incoming ranging
subcarriers over wide ranges of signal input and conditions of environment as

referenced in paragraph 3, 4.3 of the purchase description,

In distance measuring systems, where range information is derived by
comparing the phase of a modulating signal (or signals) of the transmitted car-
rier with that of the detected signal(s) of the received carrier, phase stability
is of primary importance. The method used to meet the phase stability require-

ments for the MATS transponder is called Phase Following Feedback.

Although we can find the literature covering the subject of PFFB, some-
times called "Frequency compressive feedback,' or ''frequency following demodu-
lation," it may be helpful to analytically review the technique and in so doing,

point out basic design areas of concern.

A simplified block diagram of the PFFB loop used in the MATS trans-
ponder is shown in Figure 5. Important operational parameters are shown.
An assumption to be made for the following expressions is that the bandpass

elements used in the transponder have a flat amplitude response and linear
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phase shift in the frequeney region which includes all signficant sidebands so
that o linear analysis does apply. This requiremert is not overly stringent
sinee these characteristies are essential for good inherent phase stability and

low modulation distortion,

The Tollowing cquations are derived from the block diagram:

['_U:ﬁ .hl-'() Gpp ® 0
Lw,® Ky G (91
Ko “ro ®an ®ie ®p Kea Kmo ®x Omi G ©p Sca Cmo Cx

frut, B

[, (5

closed loop transfer function

[ (S

O

"——/ @ Transfer function of forward loop ()
e

... (i . H .
Ko G Ko G K

Il FO BP GBP ®

[ ®

m Transfer function of total loop (3)
o ¢

where:
[ v (8 Laplace Transform of the frequency deviation of the input
carrier frequency

fow (S) Laplace ‘Transform of the frequency deviation of the output

carrier frequency, after passing through B. P, filter




Lt (8

Ml

Gy ®

Gp® -

MO

GBP(S)

CA

IF
GIF(S) '

1

Linlace Transform of the frequency deviation of the input

intermediate frequency

Frequency independent factor of the transfer function (in

this case, K 1)

Ml
Frequency dependent factor of the transfer function of the

modulation frequencies in the mixer.,
Frequency independent factor of the transfer function 1

Frequency dependent factor of the transfer function of the

modulation frequencies in the 1. F, amplifier

- Galn of the phase detector

Frequency dependent factor acting upon the modulation

frequencies in the phase detector

Frequency dependent factors acting upon the modulation

frequencies in the compensating amplifier.

- Gain of the phase modulator in radians phase shift per volt

of modulation signal

= Frequency dependent factor acting upon the modulation fre-

quencies in the phase modulator
Frequency multiplication factor

Frequency dependent factor acting upon the modulation

frequencies in the multipliers and transmitter.
Frequency independent factor of the transfer function - 1

Frequenc y dependent factor acting upon the modulation
frequencies in the Band Pass filter,

Gain of the compensating amplifier.
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Lact total loop gain at any (requency jw be
Ko Go (b K (4 0 i)
T T PN Y

. , )
and N, () K ¢ M
M

ro Yro

where
'\}‘Q system loep gain - P I\D I\CA KMO KX
P - input modulation angular frequency

K forward loop system gain
Therefore cquation (1) reduces to
) K g ) 7m
L W 0 Acl

Lo i K ¢j(a +a) +41
IJQ A, Q

Lw, (w)

We can equate the closed loop transfer function W to a modulation index

change since

Aw
m
Ym
then
Awo ) mo joo
[Swl G) m,
where

m, tra sponder output modulation index

m, traus,wnder input modulation index
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KMQ L ( A A ‘L)

Kug co <")/~ +<><Q) -

Letting tan % ¢
0

and R - 2 - .
" \/k,uQ - e K,u@ LoQ..L.;(/“J‘-.;(Q\_*_ !

then Mo — I v J'Jd
'W\A R = " i ?
Q‘.ll = = » K o
,‘)H,* \/
| — 2K Co=e Food ) P
(a(/‘& tAg )+ K/L‘.?
and
Ay =, = Fma Ko (A de)
Kacg o (ool +4d®) -
since K = 1then K = K (our case). Of particular interest is to note
BP Mm N

that in equation (8) as KM‘, the system loop gain, becomes large (i.e. KAG» 1)

then mo—-> mi, that is, the retransmitted modulation index approaches that

received by the transponder.

For example taking MATS transponder parameters, qu= 30, and (4 + «J\Q)
A
a small angle, K = K , then
A g

Mo s KMQ ) — ‘3'3
or
M = m

The output modulation index m 0 is very closely equal to m,, the input modulation

index. Also noting equation (9) and allowing the practical case (our's) of

o, = verysmall

¢
A > A

= <

k/‘,ﬁq‘>'>l
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then S = ‘ Al

can be written

A, = A, - o™ Kicg _aul 4.
k«kq G A — |
— _ ‘I J-O.:L/y?.‘_j\ LE__ K w3 344\.'-*(-. 3
—_— th\ ./t‘G-v\., ( Q’lo\_k —'
s A = e (jtxmouk =[S %‘_4_%3

"

~|
A L — A + < .
A L w y PP reg P

e =R (113

_Lk\z. Cede L'\v\‘_ "){_/‘&

As ,<J*Q ? Then 4, —> o
Since we are interested in Ado with conditions such as temperature and

dynamic 1ange which in themselves create loop phase shifts, then we calculate
CL (* o LJv d Q
Ck 4 OK. A e

of the output modulation signal phase shift with changes in the forward loop and

These quantities representing the rate of change

feedback loop phase shifts. In addition, we are also interested in

A do

1 which represents the rate of change of the output phase shift with
K
s

t
open loop gain.
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From equation (7)

=K g Cea (d o+ 9a) o
. - 2
CUA_ KAQ -7 quc.oa,(mhw@w
2
(id\u - qu QQ.(‘A_A\*'AQL> "—ka.QS (13)
— 5 -

Figures 6 and 7 give plots of these quantities with KA“ as parameter.

Notice that in the limit for (v + afq) =mT wheren = 0, 2, 4, etc. and K >V 1
A M

we have ¢

by the factor =L

thus, a change in the forward path phase is reduced at the transponder output
Kag

»but a change of phase in the feedback path is not reduced by
PFFB. For the MATS transponder, we have

KM@:’SO

Do, = 6o’

(Worse case temperature change)

< o.l°
Aag
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Lj ‘kw KJ&.Q
[Lo , = A——d\-f:—— = io =1 oI
Kq 30
i?’u = |
:"\ B - |
g ./\% Ny
A Tl st —Adq = — 0.l

It becomes evident from the above, that a good PFFB transponder should
exhibit a negligible change in phase in the feedback path since PFFB at its best,
will not correct this phase change. Indeed, the MATS transponder feedback path
contains a negligible number of wideband components in this path, all of which

exhibit < 0.1° phase change over all environmental and operating conditions.

One should also note that, assuming the above condition is satisfied

[ dQ << L4, the closed loop phase change is proportional to the forward loop

A

phase change. Thus,A« should be kept as small as possible.
AL

From equation (7) we have

Adu - Al ("‘\_u_ + 2 @ (14)
A K

“we K =2 KJ“{ G (o + o)t

~*‘ e
Figure 8 shows a plot of —l% vs. parameter ( +dQ) the total phase shift of
< Aa,

A
the loop. ;

These plots are used in the choice of the open loop gain IE«Q, and the
phase n{‘: osq. Since it is desirable to minimize the phase variation with vari-
ations in circuit parameters, the following conclusions are reached: (1) The
loop gain K/kQ should be maintained as high as feasible. System parameters

dictate the maximum practical gain that can be achieved with reasonable hardware.
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(2) Since A-f\—" and ‘Al

Ad

examination of the actual expected variations of OV‘« and KA %is needed to choose

v, (d + qq) are approximately 90° out of phase,

AN
A - kJ&Q
the value of (qu+ a((3 ) at which the sum of both effects is minimized.

Another factor to be considered, however, is to provide a closed loop

system with adequate stability margins. This dictates the maximum allowable

loop gain K‘mand also the selection of ‘i + dqnear to 27mwhcren =0,1, 2,3 ...

a

A 4
In general, a value near zero for u(A+ qQ best satisfies both requirements.

In the MATS transponder, the stability of the loop dictates (o +¢4 ) =
A= R

2/m wheren = 0,1, 2, 3, - - -.

since 0{)«_ >7 o e

then o{/k = 27 m

and i‘& = o
AR, ¢

that is, the closed loop output phase is minimally affected by changes in the

open loop system gain.

Also, one should note that although Kﬂ_ would normally be chosen as large

g
as possible to minimized oo another primary factor, receiver sensitivity,
dictates a maximum KAQ since practical filter bandwidths at the MATS sub-

carrier frequencies are limited.

MATS crystal filters necessitate the use of type DD cuts which exhibit
high level spurious at 607 of their center frequencies. Consideration of all of

the above factors yielded KA maximum of 30.

Note: The mixer is a phase subtractor and, therefore, represents m radiansgé

the total (4uﬂ;p)‘.'. (duw+dg) = mn, wheren=1,3,5, . . . for MATS.
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3.1.4 Solid State Components

The transponder is designed using silicon solid state components exclu-
sively. This choice assured reliable operation over the required ambient tem-
perature range (-4°F to +160°F) and a sufficient margin to allow extended tem-

peratures to be used if deemed justified at some future date.
3.2 Materials

All materials used in the transponder are of such substance as not to
deteriorate in the environment (vacuum, radiation, vibration and heat) to which
the transponder will normally be subjected and defined in the purchase specifi-
cations. Any questionable materials were tested within the expected environ-

ment prior to inclusion within the final design.
3.3.1 General

'The transponder is designed for a useful life of at least one year's normal
operation. The transponder is to be used in satellite configurations in orbits

up to 2500 nautical miles at inclinations from 0 to 90 degrees.

The transponder is designed to operate in a ''standby", '"receive' or
"transmit" condition. In the "standby'" condition (minimum power mode), only
those circuits necessary to place the transponder in a "receive' condition upon
receipt of a coherent carrier are operative. In the '"receive" mode those cir-
cuits required to provide access to the select call and other normal command
signals, are engaged. Upon receipt of a select call subcarrier the "transmit'
mode is initiated. In the "transmit" condition, all circuits are energized and
the transponder is capable of performing in a manner called out in modified

specification, Section 5.

The one year operation is satisfied by using worst case circuit design

techniques. This assures us that if all components of a particular network
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were to attain the worst possible parameter variation as defined by their individ-

ual specs, then the circuit would still perform its function satisfactorily.

In addition, the networks in themselves were conservatively designed,
when possible, to allow beyond spec limits to occur (except in a few isolated
cases) and still operate satisfactorily. High reliability components were used

whenever possible.

During ""standby' operation, a minimal number of circuits are operative
consistent with the necessity of commanding the t--ansponder into a receive mode.
A coherent carrier commands the transponder into the receive mode which can
be used for commands to telemetry or the select call operation. A select call

command initiates full power to all transponder circuits.

The select call frequency is easily changed to any subcarrier frequency

within the 400 to 600 KHzrange (and beyond if necessary).

3.3.2 Weight

The weight of the transponder, including interconnecting cables, connectors,

and’hardware, is less than 12 pounds.

The transponder weight is kept to a minimum by (1) the lack of a main

frame assembly, (2) the scalloping the modules to remove that metal not
necessary for structural strength and (3) the minimum use of covers between
modules resulting from the use of the backs of each as the RF shield for those

adjacent. |

e Magnesium was considered, but it was too expensive and difficult to work.

3.3.3 Size and Shape

The overall volume of the transponder, including mounting brackets,
connectors and hardware, is 235 cubic inches for all power levels. The trans-

ponder is housed in one (1) regular figured rectangular package. The outside
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dimensions, excluding mounting brackets, mating connectors and other hardware

are 4 1/4"x61/2"x 8 1/2",

A pictorial of the complete package is shown in Figure 9. All available
gpace within the allowable maximum dimensions was used to the fullest extent
possible due to the high volume of circuitry found necessary to satisfy all the

transponder functional requirements.

This new package was developed to satisfy the MATS configuration, and in
addition, (1) to allow easy component accessibility by both engineering and tech-
nical personnel during both operating and nonoperating conditions and (2) easy

module interchangeability.

Note that the transponder can be unfolded like a bool. (Refer to Figure),
allowing almost complete access to all circuitry without removal of a single wire.
Thus the transponder can be in operating condition when completely exposed.
Alignment of the overall transponder is thus simplified and tailor values can
easily replace variables so that no adjustments are provided, nor needed, once
the alignment is complete (except those necessary for retuning the transmitter
to different output power levels). Inter - module wiring (except coax) is hard

wired point-to-point to eliminate connector unreliability.

3.3.4 Dissimilar Metals

Dissimilar metals are not used in intimate contact unless protected against
electrolytic corrosion. Dissimilar metal combinations and comparable metal

coupling is as defined in MIL-STD-33586.

The chassis (modules) are aluminum and circuitry boards copper. Both

are gold-plated. All screws are stainless steel.
3.3.5 Connectors

The use of connectors is minimized to the highest degree practical.

Where connectors are required, they are keyed or positioned so that mating
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crrors cannol be made, Al connectors, once mated, are capable of being locked
in place cither by serew or other positive technique.,

The transponder fnput;output connectors are (1) 2-telemetry multipin-
heved and sevew lock types, (2) 1-power supply primary source connector-keyed
and serew lock type, () 2-RE connectors single conductor positive lock types.
Al RF interconneetions between modules use single conductor positive lock
Wpes,

2.6 Ervironment

3.0.6.1 Thermal vacuum

The trean sponder performs within the limits called out in paragraph
in thermal eavironments (rom minus 4 degrees F to plus 160 degrees F in
vacuunas of at feast 1 x ln"-' mm of mercury. In addition, the transponder is
capabie of being stoved in o vacuum of at least 1 x 10 mim of mercury at a
temperature of -30°F without damage to the transponder. Once removed, the

transponder is capable of performing within the limits called out in paragraph 3.4.

The use of components capable of withstanding the thermal vacuum require-
ments is essential. All active components (.., transistors, integrated cir-
cults), are capable at least <35C to - 125°C operating temperatures and mini-
mum storage temperatures equal to or exceeding this range. For example, the
ANYYs transistor and the LATOZA integrated circuit are used extensively through -

out the transponder,  Refer to Table 1,

TABLE 1

2NO18 u AT02A

: : . 0, 9
Man Storage Temgrerature -639C 10 -300Y¢ -65°C . 150°C
Masimum Operating -0 o 200 -557C 1o 125°%¢
Vemperature
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All passive components, resistors, capacitors, diodes, etc. are chosen,
such that the normal operating thermal environment is conservative compared
to the component ratings. All diodes are silicon, capacitors are either mica
DM's, ceramic CK's or tantalytic SCM's, and resistors 1/4 watt-carbon film

conservatively derated to less than 259 of maximum ratings.
3.3.6.2 Vibration

The transponder performs within the limits called out in paragraph 3.4

after being subjected to the following types and levels of vibration,
a. Sinusoidal Vibration (all major perpendicular axes)

Applied Vibration Level

Frequency (¢ps) (zero to peak acceleration)
5 - 14 0.5 in. DA
14 - 40 +5.0 ¢
40 - 50 7.5 ¢
: 50 - 70 +30 g
| 70 - 2000 +22.0 ¢
2000 - 3000 $20.0 g

b. Random Vibration (all major perpendicular axes)

Applied Vibration Level

Frequency (cps) (g2/cps)
5 - 14 0.07 g2/cps
15 - 00 0.10 ;:2 cps
50 - 200 0.40 gz ‘Cps
200 - 2000 0.20 g2/cps
328




J.3.6.3  Shock

The transponder performs within the limits called out in paragraph 3.4
after being subjected to three half -sine wave shock impulses of 0.5 milliseconds

duration at a level of 200 gs in each major perpendicular axis.
3.3.6.4  Acceleration

The transponder performs within the limits called out in paragraph 3.4
after being subjected to sustained acceleration forces of at least 22 g for periods

of at least 15 minutes in all major perpendicular axes.

To meet the vibration, shock, and acceleration requirements of this
design, the following areas of the transponder have received special considera-

tion:

e All internal cabling and wiring have been spot-bonded wherever

possible to prevent excessive movement,

e All circuit hoard components have been conformally coated to the hoards
to eliminate movement and dampen vibration. Also, components that
are exceptionally susceptible to damage have been bonded to the

cases or circuit hoards when practical.

e All filters have been filled with foam potting to reduce excessive
movement and dampen vibration and they are mounted rigidly to the

chassis.

o  All ¢ircuit hoards have been designed with the components, terminals

and hoard representing a solid, non-flexing piece of hardware.

e The individual system chassis have been designed with rigid outside
frames and solid center webbs to provide maximum strength at the

component mounting locations.
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e  All of the individual system chassis are held together at each corner

with adequate hardware to form a solid assembly.

Precision machined module surfaces insure minimum movement between individ-

ual module mounting surfaces.

3.3.7 Primary Power Requirements

The transponder performs within the limits called out in paragraph 3.4 when
subjected to input voltage variations from 11,.5to 17.5 VDC. The input power
requirements of the transponder shall not exceed those listed below, for the

mode shown, with 17.5 volts DC appliad at its primary power input,

Standby Mode 1.0 watts maximum
1.5 watt mode 17.5 watts maximum
3.5 watt mode 32.0 watts maximum
4.5 watt mode 39 watts maximum

u MODIFIED TO (See Text)

Standby Mode 1.3 watts maximum
1.5 watt mode 25.0 watts maximum
2.5 watt mode 37.5 watts maximum
3.5 watt mode 46.0 watts maximum

As previously noted in Section 3.1.2, analysis of the post filter problem
gave some insight into the problems of providing a 4.5 watt output mode. Part
of this problem relates to restricted input power requirements listed above.
Certainly, the insertion loss of a diplexer could conceivably be overcome by
providing a correspondingly higher diplexer input. But to provide this higher
final amplifier output requires additional primary input power, or an increase
in the ovorall power officiency of the transponder to negate the use of more

primary power, The primary factors affecting the amount of primary power

J=30




used (during transmit) by the transponder are (1) the required output power,
(2) the transmitter efficiency, primarily the high power stages, and (3) the

power supply (DC to DC converter) efficiency.

The original required output power for the 4.5 watt mode was 4.5 watts
at 449 MHz, and 4.5 watts at 224,5 MH~. Since the diplexer insertion loss is
2.5 db and the 22.4.5 MH7 post filter insertion loss is 0.5 db, then the required
output power from the 449 MHz final amplifier is 1.8 x 4.5 watts : 8.1 watts,
and correspondingly, 5.05 watts from the 224.5 MHz final amplifier. The
449 MHz amplifier is best designed about class B or C operation to ensure

optimum efficiency.

The collector circuit efficiency, n, is defined as the ratio of the a-¢ power
delivered to the real load, R L’ divided by the d-c¢ input power. When an ideal
unilateral device is operated class B or class C, n will be greater than 78 per-
cent, However, in a practical situation, collector-circuit efficiency will be

cither artificially high or much lower.

The principal causes of difficulty in obtaining ideal class B operation in
a common -emitter circuit are excess emitter lead inductance, Le' and internal
capacitance. C . between the collector and base terminals that shunt the active
region of the transistor. The extra capacitance and its associated time con-
stant with the resistances it drives produces a base drive that tends to keep the
transistor ON when the external drive §s moving it toward cutoff. Lc also tends
to keep emitter current flowing, rather than allowing the emitter to be sharply
cut off, The result of these effects is to produce a larger conduction angle and
lower efficiency.  With carcful design, reasonable appmximations to class B
waveforms can be achicved with efficiencies of 50 to 70 percent.

The treasducer gn provides an effective measure of circuit performance.

Transducer gain is detined as the actual power output to the real load divided by the power

avatlable from the source.  When this quantity is large compared to 1, the collector circuit
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efficiency will be a meaningful quantity. When transducer gain drops significantly,
appreciable power flow from input to output through passive elements may be
occurring and the collector circuit efficiency then will he an artificial measure

of circuit performance. This is obvious when it is realized that a transducer

gain of 1 can be achieved with a passive matching network requiring no d-c input
power. The normal definition ofrlwould make it infinite for this case. For

low-gain transistors, efficiency would better be defined as transistor efficiency.
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Figure 10 contains a curve showing the RF power output vs. RF power
input at 400 MH~ for the 3TE 4..0 transistor. This device was found to pro-
vide the most gain of any device presently available for the required power output
at 449 MHz. Other transistors investigated were 2N4040 and RCA 2N3375.

For the typical collector of circuit efficiency of 65 percent published in the
JTE440 spec (slightly optimistic for our case at 449 MHz), we have
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Repeating the above for the 2.8 watt driver 3TE 450. Refer to Figure 11 for

JTEAL0 curve.
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